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ABSTRACT 
The effect of 50, 75, and 100 percent overloads on fatigue 
crack propagation in 5083-0 aluminum alloy was investigated in 
this study. Typical tests consisted of fatiguing compact tension 
specimens at constant stress intensity range levels of 13.19, 
19.78, and 26.38 MPat/fn while maintaining the minimum K level at 
zero. A single overload was manually applied at, a fixed crack 
length in each test, after which the original loading program at 
the baseline AK level was resumed. 
As a result ot these peak loads, retardation of crack 
growth rates occurred, and the amount of retardation was found 
to increase with increasing overload magnitude. Cycles of delay 
ranged from 4.45XI01* cycles for AK = 13.19 MPai'fn, 50* overload 
tests, to 80.1x10" cycles for AK = 26.38 MPa*^, 75$ overload tests. 
Also, the size of the affected region of delay compared well with 
calculated plastic zone sizes. 
Constant AP tests were also run on the 5083-0 a Iloy to 
establish baseline da/dN-AK data, and develop an estimate of the 
scatter band for growth rates. Using the bounds Of a 95? confi- 
dence interval tor the results, the scatter of delay data was 
found to result primarily from the variance of growth rates between 
identical tests. Scatter of experimental delay results for most 
tests fell reasonably within limits calculated using the da/dN-AK 
conf i dence i ntervaI. 
INTRODUCTION 
The rate of crack propagation in materials subjected to 
constant amplitude loading is adequately described by recent frac- 
ture mechanics based theories (I). These theories play a major 
role in the design of many structures under cyclic loading. Pres- 
sure vessels, for instance, may undergo many cycles of pressur- 
izing and depressurizing, and it Is very important to be able to 
predict flaw growth rates and critical flaw conditions. Aircraft 
wings and bridges are also examples of engineering systems sub- 
jected to cyclic loading. With the use of fracture mechanics in 
their design, catastrophic failures can in many cases be avoided. 
One popular theory for the estimation of sub-critical 
crack growth due to constant amplitude loading has been introduced 
by Paris and Erdogan (2). The relationship takes the exponential 
form 
da/dN = C(AK)m D3 
where a = crack length, N = number of cycles, AK = stress inten- 
sity range, and C and m are proposed to be constants dependent 
upon environment, material properties, and test parameters. This 
theory, however, fails to predict crack growth from loading pro- 
grams containing interactions such as overloads. See Figure I. 
It has been found in previous works (3, 4, 5), and will be further 
investigated in this study, that the application of an overload 
to a constant amplitude loading pattern brings about a retardation 
2. 
of fatigue crack propagation. With such load interactions, 
Trebules (3) and von Euw (4) have found that in 2024-T3 aluminum, 
crack growth rates decrease considerably, and in son**© instances 
almost to the point of complete crack arrest. They also found 
that increasing the percentage of overload or baseline stress 
intensity or both, brings about a larger effect.  Increasing the 
number of overload cycles can also bring about larger delay 
effects. Studies on thickness effects by Wei (5) and Mills <6) 
have further shown that delay is dependent on state of stress. 
Oelay phenomena has been attributed to such effects as 
change in crack tip geometry, residual stress ahead of the crack 
front, and crack closure.  It has been postulated that upon the 
application of an overload, residual compressive stresses form 
which act to reduce crack growth rates. Blunting of the crack 
tip has also been suggested as a possible cause of delay effects. 
The more recent proposal by Elber (7), crack closure, suggests 
that residual tensile displacements interfere along the crack 
surface in the wake of the crack front. The result is a reduction 
in the effective stress intensity range. 
Previous investigation on the subject of delay of fatigue 
crack propagation due to overloads, has shown variance of delay 
results,  von Euw (4) reported delay cycles for identical tests 
which varied by about a factor of two, and it was also evident from 
his work that the scatter of results depended upon the magnitude of 
the overload and base stress intensity level; higher loads bring 
3.. 
about noro scatter. 
The objective of this study is to Investigate the fatigue 
and delay properties of 5083-0 aluminum.  This material is widely 
used in cryogenic applications such as pressure vessels. Whether 
a proof load will increase or decrease the service life of these 
structures can be a crucial question. 
EXPERIMENTAL PROCEDURE 
The material used in this study'was 5083-0 aluminum alloy: 
(0.42 Si, 0.4$ Fe, 0.155 Cu, 0.3-1.0? Mn, 4.0-4.9$ Mg, 0.05-0.25$ 
Zn, 0.15$ Ti), 6.34 mm thick, with a nominal yield strength and 
ultimate strength of 124 MN/m2 and 276 MN/m2 respectively. The 
material was cut into compact tension specimens with dimensions 
as in Trebules (3) work, Figure 2. 
Fatigue testing of the specimens was done on an 89 kN 
electrohydraulic closed loop testing machine, with a laterally 
moving microscope for measuring crack extension. A sinusoidal 
loading function with a frequency of 20 Hz was used for all tests. 
In the first part of the test program, constant load tests 
were run at AP = 4295N (Figure 3), to develop baseline da/dN - AK 
data, and to estimate typical scatter in growth rate data for 
5083-0 aluminum. All tests were done in air at room temperature 
and approximately 50-75 percent relative humidity. Tests were 
also run in a deionized water environment to examine the effects 
of moisture on crack growth rates. To achieve this environment, a 
4. 
sealed chamber was attached to the front and back of each speci- 
nen, enclosing the notch and crack region. Water was then passed 
into the front chamber and allowed to flow into the rear chamber 
through a small hole in the specimen. This hole was drilled far 
from the crack region so that no interaction would occur. See 
Figure 2.  A schematic of this system is shown in Figure 4. 
In the second portion of the test program, tests were run 
at constant stress intensity range levels, AK. To achieve this 
the loads were shed after increments of 0.2 mm of crack growth. 
This particular load shedding program was necessary to keep the 
stress intensity range constant within one percent. See Figure 5. 
A single overload was applied to each specimen when a 
crack length of 24 mm was reached. This initial crack length 
was used to insure enough data for establishing interaction free 
behavior for each specimen. After the overload, the original 
loading program was resumed at the base stress intensity level 
corresponding to the new crack length. See Figure I. 
TEST RESULTS 
INTERACTION FREE BEHAVIOR 
In the constant load range portion of the test program, 
crack growth rates were determined by taking the slopes of tangent 
lines drawn at different points to the a vs. N curves produced 
from each test.  The stress intensity level corresponding to each 
growth rate was calculated using the equation from ASTM Standard 
5. 
1599-12  (8) 
AK = 
6W1/2 
•a^/2 /a% 3/2 ,a%5/2 29.6(g) -   185.5(g) + 655.7(a) 
-1017.0(g) + 638.9(2)      J 
which relates the AK level to load range, specimen geometry, and 
crack length. 
A log-log plot of, the da/dN-AK values was then construc- 
ted and an equation of the form of equation (J.3 was fit to the data 
using a least squares regression analysis. This is quite simple 
since Paris' equation |j3 linearizes upon taking logarithms as 
shown below. 
da/dN = C(AK)m 
log(da/dN) = log C + m log AK [3D 
+      +      + 
Y      B  +   mX 
Bounds for the scatter band were formed by calculating a 
95 percent confidence interval for growth rates corresponding to 
particular AK values. This was done by adding to or subtracting 
from equation (3) found through the regression analysis, a factor 
of the form 0.96a; a  being the standard deviation of the dependent 
variable. The log-log plot discussed above is shown in Figure 6. 
The tests run in deionized water produced growth rates 
slightly higher than those in air showing the possibility of a 
small humidity effect on crack propagation. Figure 7 shows the 
da/dN vs. AK relationship for these tests as compared with air 
6. 
tosfs. 
DELAY  TEST GRCXiP'S   I,   II,  AND  I!!   <£K =   13.2,   19.8,   26.4 VPa/m\ 
50% O.L.) 
in these tost groups stress intensity ranges of 13.2, 
19.8, and 26.4 h'Pa/m  were used to precrack the specimens to a 
crack length of 24 mm. At this point, one 50? overload was ap- 
plied to each specimen after which normal fatigue loading at the 
base AK level was resumed. Each test was terminated when the 
crack began growing at a stable rate close to that observed 
before the overload. The delay results for these groups are 
shown in Table I, and definitions of delay parameters are shown 
in Figure 8. 
As suggested by von Euw (4), the region affected by an 
overload should be approximately equal to the size of the plastic 
zone created by the high load. The radius of the plastic zone is 
found from the equation (4) 
r - ±  H°42 C43 
y  dir *• a     J ys 
and length of the delay region is simply twice the plastic zone 
radius, or 
a * = 2r 151 
c     y 
The value d reflects the amount of shear fracture as measured on 
the specimen crack surface, and varies from 2 for plane stress to 
6 for plane strain.  Intermediate values of d for mixed mode 
fracture can be dotorained using the following equation 
i - ft  flat  i + ^ shear  U 
6 '   * 100  x 6    100  X 2* M 
Figure 9 is a graph comparing the calculated affected region a *, 
to the actual affected region a*, determined experimentally.  It 
should be noted that negligible shear appeared on the crack sur- 
faces of most of the tests, revealing plane strain conditions, and 
thus a d value of 6 was used. 
DELAY TEST GROUPS IV, V, VI, AND VII (AK = 13.2, 19.8 MPa^ 
75 and 100? O.Ls.) 
These specimens were loaded for AK levels of 13.2 and 19.8 
MPa»^n just as in test groups I, II, and III. One 75 percent over- 
load was applied to each specimen in groups IV and V, and one 100 
percent overload to each specimen in groups VI and VII. These 
overloads were applied at crack lengths of 24 mm, and then the 
base AK levels were resumed. The load interaction results for 
these groups are found in Tables 2 and 3.  It should be noted that 
extensive deformation of the crack tip and permanent opening of 
the crack resulted from the 100 percent overloads. 
ANALYSIS OF SCATTER OF DELAY RESULTS 
It is believed that the scatter of delay results is pri- 
marily due to the variance of crack growth rates at a particular 
stress intensity level. To investigate this, crack growth rates 
within the delay regions were measured and plotted against dis- 
tance from point of overload for each delay test.  Each test group 
8. 
yielded rosulto in the forn of a band as shown in Figure 10. 
The average variation of crack growth rate with distance from 
overload was approximated by a series of straight line segments 
through the middle of the band, the equation of these lines being 
scxne function of crack length, or 
da'/dN = f(a) 03 
The growth rates along these lines were assumed to correspond to 
the average growth rates found along the line of the log-log plot 
of da/dN vs. AK determined by the regression analysis. Then 
using the bounds of the 95 percent confidence interval for the 
"da/dN vs. AK data, upper and lower crack growth rate limits were 
determined and used to find upper and lower bounds on f(a).  Re- 
membering that the upper bound of growth rates yields the lower 
bound of cycles of delay, the integration of equation \J]~]  was done 
as follows 
KdNJ upper 
upper      rr 
N ' da lower f(a) 
upper 
den 
dtr . ' v"' lower a    - «»>lower 
N 
DO 
da 
upper     f(a). rr
     '     lower 
Calculated upper and lower limit delay cycle values are tabulated 
with the actual experimental values in Table 4. 
DISCUSSION 
The results listed in Table 4 show that the variance of 
growth rates from test to test at a particular AK level, have a 
9. 
largo effect on do lay results.  For most of the delay tost 
groups, tho number of cycles of delay determined experimentally 
fall reasonably within the calculated bounds. Although for some 
of the tests the delay cycles fall siightly outside the bounds, 
it must be remembered that many approximations and assumptions 
were made which would reduce the accuracy of the procedure used. 
Perhaps a more precise curve fit through the band of growth rate 
vs. distance from overload data, rather than straight line seg- 
ments would adjust the bounds to cover more experimental results. 
The crack growth rate vs. AK results from the deionized 
water tests could have been used to provide the upper bound for 
the analysis.  However, it is believed that since most of the 
constant AP tests were done on different days, enough variance 
of relative humidity was already included in the scatter, and 
the water data was not needed. Also, looking at Figure 7, we 
see that the results in the water environment did not differ much 
with the upper bound air tests, showing that moisture effects 
in these tests were negligible.  If should also be noted that 
constant AP test results from this study compare well with those 
found by Kelsey, Nordmark, and Glark (8). C and m values for 
their similar tests were approximately 3.lxl0~8 mm/cycle and 3.51 
respectively as compared to values from the tests in this study; 
2.06xl0~8 mm/cycle and 3.54. 
In some delay test groups differences in delay zone sizes 
were evident, especially in those groups with high AK levels and 
10. 
hiL2f- ovAr ioads w>--*,»re actual rn-easurod rones varied in si ze by (53 
much a-., 6 rr. This fact nay hint to' the possibility of changes 
in stress 'stvito, and a few fracture surfaces did in fact reveal 
a snail amount of mixed mode fracture. 
In test group VII, the experimentally determined cycles 
of delay did not fall within the bounds calculated.  Instead, one 
test (specimen #36) resulted in 80.1x10** cycles of delay, almost 
twice the upper bound value.  In another test (specimen #21), 
7.2x10"* cycles were measured which is about one-third the lower 
bound. Delay zone sizes for these two tests measured 12.00 mm 
for specimen #36 and 7.6 mm for specimen #21, as opposed to 
the calculated value of 10.75 mm for plane strain conditions. 
Experiments by Wei (5) and Mills (6) on thickness effects 
on delay, have shown that stress state changes can bring about 
large differences in the number of delay cycles.  More delay was 
found to occur under plane stress conditions than under plane 
strain, and the variance of results could be as high as a factor 
of 3. Although most of the tests in this study did not reveal 
gross shear fracture, slight differences in stress state could 
account for scatter in the high overload tests, where small 
amounts of slant fracture were detected. Also, plastic zone sizes 
calculated using equation C4D were found to exceed specimen 
thickness thus revealing that plane stress conditions prevailed. 
Another important observation is from the crack growth 
rate vs. distance from overload curves for 50, 75, and 100 percent 
II. 
overloads.  See figure 1.1.  Ttvjse Curves show that smal ler growth 
rates result from higher overloads.  Since it is at  the troughs of 
these curves where the largest portion of. the delay cycles occurs, 
it is evident that higher overloads will produce longer delay 
periods.  See Figure 12.  The critical point here is that small 
differences in minimum growth rates between specimens run at the 
same AK levels and percent overloads, can bring about large dif- 
ferences in delay cycles.  In comparing with the results of 
Trebules (3) and von Euw (4) it is noticed that the trough width, 
or amount of crack growth at the minimum rate for tests in this 
study are much larger. Regions of crack growth at the minimum 
rate for these tests range between 2 and 6 mm, whereas in the 
published results, only a single point of minimum crack growth 
rate is evident. 
From Tables I, 2, and 3 it might be noticed that tests 
with smaller initial growth rates before the overload, in general 
produce longer delay periods.  Remembering that in the delay zone, 
the smaller growth rates produce the longer delay periods, there 
may also be some connection between growth rates before overload 
and delay cycles. However, not enough data was collected in this 
study to investigate this point. 
CONCLUSIONS 
The following conclusions can be made on the basis of the 
experimental results from this study: 
12. 
of 
1. The application of a single proof toad to structures 
of 5083-0 Muni num. such as pressure vessels, can 
bring about retardation of flaw growth. 
2. The number of delay cycles due to a single overload 
increases with the magnitude of the overload. 
3. Smaller minimum growth rates within the delay region 
result from higher magnitude overloads. 
4. Delay zones or affected regions compare weI I with 
calculated plastic zone sizes. 
5. The experimental scatter in number of cycles of delay 
can be accounted for in most tests by variation of 
growth rates at a particular AK level. 
6. At high loads, the transition from plane strain to 
plane stress could produce large differences in delay 
results. 
It is recommended that future work be done on the effects 
1. Fatigue crack propagation scatter on delay cycles. 
2. Transition of plane strain to plane stress on delay 
cycles. 
13. 
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TABLE 4.  SUMMARY OF CALCULATED BOUNDS AND 
EXPERIMENTAL VALUES FOR DELAY CYCLES 
Test 
Ca1cula 
CxlOu 
ted Bounds 
cycles) 
Experimental Results 
(xlO*4 cycles) 
AK •- 13. 2MPa/n, 501O.L. 3.4 < N < 8.0 5.00 
4.60 
AK = 19. 8MPa«fn, 50S O.L. 3.9 < N < 9.3 4.45 
2.95 
6.60 
4.40 
AK = 26. 4MPa^nf 50? O.L. 2.6 < N < 6.0 3.75 
2.80 
2.80 
AK = 13. 2MPa»/rn, 15%  O.L. 6.1 < N < 14.2 9.10 
9.80 
9.30 
10.60 
AK = 19 .8MPa»fn, 15%  O.L. 8.4 < N < 19.7 15.30 
10.80 
16.85 
10.50 
16.00 
AK = 13 .2MPa^n, \00%  O.L. 17.0 < N < 38.5 28.50 
17.00 
35.80 
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